How parental histone (H3-H4) 2 tetramers, the primary carriers of epigenetic modifications, are transferred onto leading and lagging strands of DNA replication forks for epigenetic inheritance remains elusive. Here we show that parental (H3-H4) 2 tetramers are assembled into nucleosomes onto both leading and lagging strands, with a slight preference for lagging strands. The lagging-strand preference increases markedly in budding yeast cells lacking Dpb3 and Dpb4, two subunits of the leading strand DNA polymerase, Pol e, owing to the impairment of parental (H3-H4) 2 transfer to leading strands. Dpb3-Dpb4 binds H3-H4 in vitro and participates in the inheritance of heterochromatin. These results indicate that different proteins facilitate the transfer of parental (H3-H4) 2 onto leading versus lagging strands and that Dbp3-Dpb4 plays an important role in this poorly understood process. P osttranslational modifications (PTMs) on histones in eukaryotic chromatin have a profound impact on gene expression. Recently, it has been shown that at least some of these PTMs are traits that are inheritable during mitotic cell division and even through meiosis (1-4). As the "first" step of transmission of these PTMs, it was proposed that parental histone (H3-H4) 2 tetramers, the primary carriers of epigenetic modifications, are randomly and equally distributed to leading and lagging strands of DNA replication forks (5, 6) and serve as the "template" for copying epigenetic modifications onto newly synthesized (H3-H4) 2 tetramers, which do not mix with parental (H3-H4) 2 (7) and have distinct PTMs from parental histones. This dogmatic view has not been tested in vivo owing to challenges in monitoring histone segregation onto replicating DNA strands. Moreover, the molecular mechanisms underlying the transfer of parental histone (H3-H4) 2 tetramers onto replicating DNA remain largely unknown (8, 9).
P
osttranslational modifications (PTMs) on histones in eukaryotic chromatin have a profound impact on gene expression. Recently, it has been shown that at least some of these PTMs are traits that are inheritable during mitotic cell division and even through meiosis (1) (2) (3) (4) . As the "first" step of transmission of these PTMs, it was proposed that parental histone (H3-H4) 2 tetramers, the primary carriers of epigenetic modifications, are randomly and equally distributed to leading and lagging strands of DNA replication forks (5, 6) and serve as the "template" for copying epigenetic modifications onto newly synthesized (H3-H4) 2 tetramers, which do not mix with parental (H3-H4) 2 (7) and have distinct PTMs from parental histones. This dogmatic view has not been tested in vivo owing to challenges in monitoring histone segregation onto replicating DNA strands. Moreover, the molecular mechanisms underlying the transfer of parental histone (H3-H4) 2 tetramers onto replicating DNA remain largely unknown (8, 9) .
We used the eSPAN (enrichment and sequencing of protein-associated nascent DNA) method, which can detect whether a protein is enriched on leading or lagging strands at a genome-wide scale (10) , to monitor the segregation of newly synthesized and parental histone H3, which should represent (H3-H4) 2 tetramers, onto replicating DNA strands (Fig. 1, A and B, and fig. S1A ).
Briefly, we released G 1 -arrested yeast cells into medium containing bromodeoxyuridine (BrdU) to label newly synthesized DNA and hydroxyurea (HU) to facilitate analysis (10, 11) . Chromatin from G 1 and early S phase cells was digested with micrococcal nuclease (MNase), which cleaves DNA between nucleosomes, and was used for deep sequencing (MNase-seq). The digested chromatin was also analyzed by chromatin immunoprecipitation (ChIP)-with antibodies ( fig. S1B ) against acetylation of histone H3 lysine 56 (H3K56ac), a mark of newly synthesized H3 (12) , and trimethylation of histone H3 lysine 4 (H3K4me3, a surrogate mark for parental H3, see below)-and subsequent ChIP-strand-specific sequencing (ChIP-ssSeq) and eSPAN analysis.
Analysis of MNase-seq data from G 1 and early S phase chromatin revealed well-positioned nucleosomes surrounding early replication origins (fig. S2, A to C), consistent with published results (13) . Moreover, H3K56ac ChIP-ssSeq peaks colocalized with BrdU-IP-ssSeq (BrdU immunoprecipitation and strand-specific sequencing) peaks ( fig. S2 , A, D, and E). We chose H3K4me3 as the surrogate mark for parental H3 for the following reasons: First, H3K4me3 was not detected on newly synthesized H3 (14) . Second, we observed that the H3K4me3 level at newly replicated regions, but not its total level, was reduced compared to that observed during the G 1 phase of the cell cycle ( fig. S1 , C and D), likely reflecting the dilution of parental H3K4me3 during the short time frame of our experiments. Finally, although at reduced occupancy, the positioning of H3K4me3-containing nucleosomes on newly replicated chromatin, as detected by H3K4me3 ChIP-ssSeq, was similar to that of G 1 phase (fig. S2, F and G) .
We calculated the log 2 ratio of H3K56ac and H3K4me3 eSPAN sequence reads of the Watson (5′ → 3′) strand to those of the Crick (3′ → 5′) strand at 20 individual nucleosomes, which, on average, span the replicated region surrounding each of the 134 early replication origins. If H3K56ac and H3K4me3 were equally distributed onto leading and lagging strands, one would expect that the ratio would be close to zero (Fig. 1B) . Instead, we observed that H3K56ac eSPAN peaks exhibited a small, but consistent, leading-strand bias at most nucleosomes except the −1 and +1 nucleosomes (Fig. 1, C and D, and fig. S3A ), whereas H3K4me3 eSPAN peaks showed a lagging-strand bias (Fig. 1 , E and F, and fig. S3B ). These bias patterns were more consistent at group 1 origins than at lessefficient group 2 origins (Fig. 1, C and E, and fig. S3, C and D). We estimated that about 8% more H3K56ac-H4 tetramers were deposited onto leading strands than lagging strands, whereas at least 23% more parental H3K4me3-H4 tetramers were transferred to lagging strands than leading strands. The differential enrichment of parental and newly synthesized (H3-H4) 2 tetramers at lagging and leading strands (23 versus 8%) observed here and in Figs. 2 and 3 likely suggests that nucleosomes that are formed from parental (H3-H4) 2 tetramers are more stable and resistant to MNase digestion than those formed from newly synthesized tetramers. Thus, parental (H3-H4) 2 tetramers are transferred onto both leading and lagging strands, with a slight preference for lagging strands.
Unexpectedly, we discovered that the deletion of genes DPB3 and DPB4 (dpb3D and dpb4D cells), which encode two nonessential subunits of the leading-strand DNA polymerase, Pol e (15), significantly increased the bias ratio of H3K56ac and H3K4me3 eSPAN peaks compared with wildtype cells (figs. S4 and S5) but had no apparent effect either on the levels of H3K56ac and H3K4me3 ( fig. S1B ) or on the overall nucleosome occupancy and positioning of G 1 and early S phase chromatin ( fig. S6 ). We estimated that ∼41% more H3K56ac-H4 was deposited onto leading strands than lagging strands, whereas 120% more parental H3K4me3-H4 was transferred to the lagging strand than to the leading strand in dpb3D and dpb4D cells.
We used the recombination-induced tag exchange (RITE) system (16), which marks newly synthesized and parental histone H3 with a T7 or hemagglutinin (HA) tag, respectively ( Fig. 2A and  fig. S7A ), as an independent approach to analyze the impact of DPB3 and DPB4 deletion on histone segregation. The H3-T7 and H3K56ac eSPAN peaks showed a strong leading-strand bias (Fig. 2,  B and C, and fig. S7 , B and C) in dpb3D cells, whereas the H3-HA and H3K4me3 eSPAN peaks exhibited a lagging-strand bias (Fig. 2, D and E,  and fig. S7, D and E) . We also analyzed the distribution of H3K56ac and H3K4me3 at replicating chromatin in dpb3D cells during normal S phase without HU and observed the same effect ( Fig. 3 and fig. S8 ). These results demonstrate that deletion of DPB3 and DPB4 alters the distribution pattern of new and parental (H3-H4) 2 tetramers at replicating DNA strands.
To determine how depletion of DPB3 and DPB4 affects the distribution pattern of H3K4me3 and H3K56ac at replicating DNA, we calculated the relative amount of these histones at leading and lagging strands in dpb3D or dpb4D cells normalized to that in wild-type cells (Fig. 4A) . Compared with that in wild-type cells, the amount of H3K4me3 at leading strands in dpb3D and dpb4D cells was reduced significantly (Fig. 4B and   fig. S9A ). By contrast, the amount of H3K4me3 at lagging strands in these two mutants increased slightly compared with that in wild type (Fig. 4B and fig. S9A ). Moreover, deletion of DPB3 and DPB4 had minor effects on H3K56ac deposition onto replicating DNA strands compared with wild type (fig. S9, B and C) . These results indicate that the transfer of H3K4me3 to leading strands is impaired the most in dpb3D and dpb4D cells ( fig. S9, D and E) . Thus, Dpb3 and Dpb4 facilitate the transfer of parental (H3-H4) 2 onto leading strands. Supporting this idea, Dpb3 and 3 of 4 Dpb4 were enriched at leading strands (Fig. 4, C  and D) , similar to the catalytic subunit of Pol e, which is also enriched at leading strands (10) . Moreover, in vitro, Dpb3-Dpb4 dimers, which are structurally similar to H2A-H2B (17) and copurify with H4 in cells (18) , interacted with (H3-H4) 2 tetramers (Fig. 4E) . These results support the model that once nucleosomes ahead of DNA replication forks are disassembled, Dpb3-Dpb4 molecules serve as "receptors" or "chaperones" for parental (H3-H4) 2 tetramers and facilitate their assembly onto leading strands (Fig. 4G) .
Cells lacking Dpb3 or Dpb4 are defective in heterochromatin silencing (17, 19) . Using an assay that monitors transient losses of heterochromatin silencing at the mating type loci (20), we observed a significant increase in the switching of the heterochromatin state at the HML locus in dpb3D and dpb4D cells (Fig. 4F) , suggesting that a defect in parental (H3-H4) 2 transfer in dpb3D and dpb4D compromises epigenetic inheritance.
Parental (H3-H4) 2 tetramers are distributed onto both leading and lagging strands, with a slight preference for lagging strands. Dpb3-Dpb4 facilitates their assembly onto leading strands, thereby providing a mechanism for preventing a large asymmetric distribution of parental (H3-H4) 2 at replicating DNA strands. Our results suggest that different proteins likely promote nucleosome assembly of parental (H3-H4) 2 tetramers onto leading versus lagging strands. It is known that Mcm2, a subunit of the MCM helicase, contains a histone-binding motif that binds (H3-H4) 2 . Moreover, it was proposed that Mcm2 is involved in nucleosome assembly of parental (H3-H4) 2 tetramers (21) . In addition, DNA polymerase a and DNA polymerase clamp (proliferating cell nuclear antigen, or PCNA) also have chromatin-related functions (22, 23) . It would be interesting to determine whether any of these DNA replication proteins have a direct role in reassembly of parental histones. The utilization of different proteins for the parental histone transfer also hints at a strategy used by eukaryotic cells to alter histone distribution patterns and possibly chromatin states in response to developmental stimuli, thereby endowing eukaryotic cells with the ability both to maintain epigenetic states and to generate epigenetic plasticity such as the generation of neuronal bilateral asymmetry in Caenorhabditis elegans during development (24) .
